Introduction 52
More than 1000 species of bacteria colonize the human gut and affect host health and diseases 53 (1, 2). One important role of the gut microbiota is to metabolize dietary nutrients and supplements 54 such as flavonoids (3, 4) . Many natural flavonoids in plants are stored in the form of glycosides. 55 In general, ingested glycosides are poorly absorbed in the human small intestine because of their 56 hydrophilicity but are reported to be metabolized by intestinal bacteria to more absorbable 57 aglycones and further degradation products (3, 4) . For example, the isoflavone O-glucoside 58 daidzin (daidzein 7-O-glucoside) is hydrolyzed to aglycone and the resulting daidzein is reduced 59 to (S)-equol, which shows beneficial effects in humans by preventing hormone-related diseases 60 (4-6). From this perspective, naturally occurring glycosides are considered to be a type of prodrug 61 activated by intestinal bacterial metabolism (7) . metabolization of flavone C-glucosides to aglycone (15). This was the first study in which the 70 genes involved in C-deglycosylation were cloned; however, the roles of these 5 gene products in 71 the reaction remain unclear. 72 We previously isolated a human intestinal bacterium PUE (92% similarity in 16S rRNA gene 73 sequence with Dorea longicatena), which metabolizes the isoflavone C-glucoside puerarin 74 (daidzein 8-C-glucoside) to daidzein and glucose (10, 16). Enzymatic studies revealed that more 75 than three bacterial enzymes involved in multi-step reaction of C-deglycosylation (17). Moreover, 76 a putative puerarin-metabolizing-operon composed of 8 genes (dgpA-H) from strain PUE was 77 identified (accession number LC422372), and recombinant DgpB-C complex was shown to cleave 78 5 the C-glycosidic bond in 3"-oxo-puerarin but not puerarin ( Fig. 1 ) (18). These results indicated 79 that 3"-oxo-puerarin is an essential reaction intermediate in puerarin degradation reaction, and an 80 unidentified oxidoreductase that catalyzes oxidation at the C-3" hydroxyl of puerarin was 81 predicted to be encoded in the operon.
82
In this study, we demonstrated that recombinant DgpA catalyzed puerarin oxidation in the 83 presence of 3-oxo-glucose as the hydride accepter ( Fig. 1 ). In addition, enzymatic 84 C-deglycosylation of puerarin was achieved by a combination of DgpA, DgpB-C complex and 85 3-oxo-glucose. Furthermore, the real metabolite derived from the sugar moiety in 
Determination of DgpA-bound NAD(H).

197
In the UV-vis spectrum of purified DgpA, a broad shoulder peak at approximately 340 nm was 198 observed, suggesting that nicotinamide cofactors such as NAD(H) or NADP(H) were bound to the 199 enzyme ( Fig. 3) . To characterize the cofactors, HPLC analysis was performed after the protein was 200 treated with cold methanol to dissociate the cofactors. As shown in Fig. 4b , two major peaks were 201 observed at 10.9 and 13.5 min in HPLC analysis of DgpA-bound cofactors. These two peaks were 202 characterized as NAD + and NADH by comparing the retention times to authentic nicotinamide 203 cofactors (Fig. 4a) . These results indicate that NAD(H) functioned as the cofactor which binds in HPLC analysis (Fig. 5b) . The retention times and elution profiles of the metabolites were 217 identical to those of 3"-oxo-puerarin in the buffer, which easily isomerized to a mixture of the 218 3"-oxo form (a peak at 8.1 min), 2"-oxo form, and its intramolecular-cyclic acetal (a peak at 8.6 219 min, overlapping) as previously reported (18). These results demonstrate that DgpA catalyzed 220 oxidation at the 3"-hydroxyl of puerarin by using 3-oxo-glucose as the hydride accepter ( Fig. 1) .
222
Reduction of 3"-oxo-puerarin by DgpA and glucose. 223 To identify the actual metabolites in the oxidation reaction by DgpA, an enzymatic 224 counterreaction was proposed. 3"-Oxo-puerarin standard and DgpA were incubated with or 225 without D-glucose at 37°C for 30 min, followed by HPLC analysis (Fig. 5c, d) . In the reaction of 226 3"-oxo-puerarin standard and DgpA with glucose, one conspicuous metabolite peak was detected 227 at 7.7 min by HPLC (Fig. 5d ). After chromatographic isolation, the metabolite structure was The human intestinal bacterium strain PUE can metabolize the isoflavone C-glucoside puerarin 261 to daidzein; however, the metabolic enzymes have not been well-characterized. In this study, the 262 bacterial DgpA protein was identified as the enzyme responsible for puerarin oxidation, as shown 263 in Fig. 1 . Additionally, enzymatic C-deglycosylation of puerarin was accomplished by a 264 combination of recombinant DgpA, DgpB-C complex, and 3-oxo-glucose, yielding daidzein and 265 1. 266 We previously purified a 40 kDa protein involved in puerarin metabolism from strain PUE and was reported to cleave not only O-glycosides but also more stable S-glycosides (29). In contrast, 288 cleavage of C-glycosides by these enzymes have not been observed.
289
A proposed puerarin deglycosylation pathway as shown in Fig. 1 based on 
